This article reports the health risk associated with chronic intake of metals in the municipal water supplies of Eleyele and neighboring towns in the Ibadan metropolitan area of Nigeria. A total of 42 composite samples, consisting of treated water from the water treatment facility and residential areas receiving personal-use water (i.e., tap water) directly from the facility, as well as raw water from the treatment facility's water supply dam were sampled twice every month for 7 months. Concentrations of the metals were determined by atomic absorption spectrophotometry. Among the metals studied, Cd, Co, Cr, and Pb were detected at concentrations higher than maximum regulatory limits. Cd, Co, Cr, and Pb concentrations in treated water at the treatment facility ranged from 0.08-0.10, 0.14-0.16, 0.04-0.22 and 0.07-0.36 mg L −1 , respectively, while personal-use water ranged from 0.08-0.11, 0.15-0.29, 0.02-0.29, and 0.12-0.65 mg L 1 , respectively. Likewise, concentrations of the metals at the dam ranged from 0.06-0.08, 0.17-0.20, 0.13-0.37, and 0.03-0.15 mg L 1 , respectively. It is estimated that exposure to the metals in the water supply results in oncological and non-oncological systemic health risks higher than is generally acceptable for drinking water.
INTRODUCTION
Historical disasters around the world caused by heavy metals poisoning via drinking of contaminated water emphasize the need to assess, monitor, and report levels of metals in public drinking water sources. About 100 years ago in Toyama Perfecture, Japan, there was massive cadmium poisoning from eating rice irrigated with water from a cadmium-polluted river. A recent report pointed out that the local residents also drank from the river (Kumber 2011) . The resultant effects were softening of bones and renal failure (WHO 2004; UNEP 2008) .
Also, about 50 years ago, residents living in the Liaoning Province of China reported a yellow coloration in nearby wells that served as drinking water sources and this was confirmed to be due to high levels of hexavalent chromium (Cr +6 ). Several years later, Beaumont et al. (2008) reported stomach cancer mortality among the same Cr-exposed population (Smith and Steinmaus 2009; NJDHSS and NJDEP 2010) . Presently, more than 74 million Americans in 42 states are drinking tap water polluted with Cr +6 (EWG 2011), even though the U.S. Environmental Protection Agency's (USEPA's) analysis of the contaminant's toxicity cited significant cancer concerns linked to exposure in drinking water alongside anemia and damage to the gastrointestinal tract, lymph nodes, and liver (EWG 2011) . Further, millions of people living in and around Bangladesh are at risk of organ dysfunction and cancer from chronic arsenic poisoning via drinking water (Saask 2003; Mahmood and Halder 2011) .
A report from the United Nations pointed out that 80% of humans are exposed to unsafe drinking water in poor areas and consequently about 25,000 people die every 24 hours (Ni et al. 2009 ). As a consequence, access to potable drinking water has been declared a "human birthright" (Mebrahtu and Zerabruk 2011) , however, this could actually mean "death right" if the quality of the drinking water sources are not continuously monitored to ascertain their purity and suitability for consumption. Therefore the objectives of this study are to determine the levels of heavy metals in the municipal water supplies of Eleyele and neighboring towns in the Ibadan metropolitan area of Nigeria and also to assess the human health risks associated with consumption of the water.
METHODS AND MATERIALS

Area of Study
This study covers the Eleyele residential area and neighboring towns (Army Barrack, Mokola, and Sango) in the Ibadan metropolis of Nigeria. The description of the Ibadan metropolis is available elsewhere (Adekunle et al. 2004; Oloruntoba 2005; Ajayi et al. 2008; Ogedengbe and Akinbile 2010) . The Eleyele Water Supply Scheme is one of the two schemes supplying treated water to the Ibadan metropolis. It receives raw water from a local dam, purifies, and distributes same to the Ibadan metropolis through underground pipes (ADB 2004 (ADB , 2009 .
Sampling Techniques and Samples Collection
A systematic random sampling method was used in this study. Thirty-six functional public taps receiving treated water directly from the Eleyele Water Supply Scheme (WSRA) were sampled after flushing for about 20 seconds. The water treatment facility and its water supply dam were also sampled for treated (TWTF) and untreated (raw) (RWD) waters, respectively. Sampling was done twice a month for 7 months (January to July 2010), making a total of 14 sampling periods. A total of 42 composite samples were obtained for this study.
Pre-cleaned polythene (plastic) bottles were used to collect water samples and the samples were preserved in the field by spiking with about 5 mL HNO 3 (Adewuyi et al. 2011) . The plastic bottles were corked firmly and stored in an ice chest before transporting to the laboratory for analysis. On getting to the laboratory, the samples were quickly transferred to a deep freezer while awaiting analysis.
Chemicals and Reagents
Analytical grade reagents were used. HNO 3 and the metals' standard solutions were purchased from Sigma-Aldrich, Fluka, Switzerland, while the deionized water was purchased from the International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria.
Heavy Metals Digestion Methods
Nitric acid digestion of water samples was done for the metals following standard procedures (Hseu 2004; Momodu and Anyakora 2010) . The method has also been described recently (Adewuyi et al. 2011) . To ensure the removal of organic impurities from the water samples and thus prevent interference in analysis, the samples were digested with concentrated HNO 3 ; 5 mL of the acid was added to 5 mL of the water samples and the mixture evaporated on a hot plate to a final volume of 3 mL. Another 5 mL of HNO 3 was added to the mixture and refluxed for 30 min, after which the mixture was heated on hot plate while the acid was added until the mixture was light colored. Before analysis, the resulting samples were filtered and the filtrate made up to 25 mL with deionised water.
Analysis of Heavy Metals
The digests from the water samples were analyzed for Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn using an atomic absorption spectrophotometer model AAnalyst 200 autosampler model. The instrument's setting and operational conditions were done in accordance with the manufacturer's specifications. The instrument was calibrated with analytical grade standard metal stock solutions (1 mg L −1 ). Table 1 shows the target organ toxicity of selected heavy metals.
Quality Assurance and Quality Control
Two replicates of the homogenized filtered water samples were subjected to recovery studies by spiking samples with metal standards of about the same concentrations of the analytes of interest; the resulting mixtures were then subjected to the same digestion and analysis procedure (Oyoo-Okoth et al. 2010) . The metals gave recoveries ranging from 78-94% (Table 2) . A blank was run for each digestion procedure to correct the measurements and to check all reagents and procedures for interferences and cross-contamination.
Statistical Analysis
The W-test (Gilbert 1987; USEPA 1989 ) was used to test the normal/log-normal distribution of the concentrations of the metals in the water samples, and the lognormal distribution showed conformity with most of the values. Hence the values were represented in range (RN) and geometric mean (GM). Geometric mean has also been used elsewhere (Oyoo-Okoth et al. 2010) to represent datasets that showed log-normal distribution. Furthermore, comparisons of the metals' concentrations in the TWTF, WSRA, and RWD water samples were done using analysis of variance (ANOVA) at 95% confidence level. The data analysis package in Microsoft Excel was used to test for the variations in the concentrations of the metals along the water supply route (i.e., RWD → TWTF → WSRA).
Risk Assessment
The carcinogenic and non-carcinogenic (systemic chronic) health risk assessments were performed for metals that were detected above the USEPA and the Nigerian Industrial Standards (NIS) maximum contaminant levels (MCLs) using the USEPA risk assessment methods described for the oral exposure (USEPA 1989 (USEPA , 1991 (USEPA , 2007a and the dermal exposure routes (USEPA 1992 (USEPA , 2004 .
Four metals, Cd, Co, Cr, and Pb, were identified at levels exceeding their MCLs, so the health risks resulting from exposure to these metals were evaluated for adult and child residents via the oral route. Also, since percutaneous absorption of some metals (Cd and Cr) has been estimated to contribute more than 10% of the gastrointestinal absorption by the oral route (USEPA 2004), these two metals were also risk-assessed for the dermal route. Several studies have also done the same (Fatoki et al. 2004; Batayneh 2010; Obiri et al. 2010) . The general equations for estimating the systemic chronic health risk for non-carcinogenic and carcinogenic contaminants are as follow;
Non-carcinogenic risk equations
Oral route:
Dermal route:
Carcinogenic risk equations
where IR, EF, ED, EV, BW, SA, AT, and t event are defined in Table 3 . HQ O and HQ D are the hazard quotients (non-carcinogenic risk values) for oral and dermal ingestion, respectively, while Risk O and Risk D represent the carcinogenic risk values for oral and dermal routes, respectively. CW is the mean concentration of metals in the water supplies. ABS GI is the gastrointestinal absorption fraction, SF o is the oral slope factor, RfD o , is the oral reference dose, and kp is the permeability coefficient. ABS GI , SF o , RfD o , and kp are chemical-specific and the default values are presented in Tables 4  and 5 . 
RESULTS AND DISCUSSION
Shown in Table 2 are the concentrations of the metals in the sampled waters represented by range (RN) and geometric mean (GM). The default parameters used in estimating the carcinogenic and non-carcinogenic risks of exposure are contained in Table 3 , while the cancer and non-cancer toxicity data summaries, showing the target cancer risk and non-cancer HQ are presented in Tables 4 and  5 . The estimated exposure concentrations (chronic intake) of the metals for adults and children are presented in Table 4 . Shown in Table 7 are the calculated risk values for adults and children.
From Table 2 , it can be seen that the concentrations of Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn (mg L −1 ) in the WSRA (i.e., personal-use water) range from 0.08-0.11, 0.11-0.17, 0.02-0.29, 0.02-0.08, 0.63-3.64, 0.03-0.07, 0.13-0.18, 0.12-0.65, and 0.30-0.46, respectively, with geometric mean values of 0.09, 0.16, 0.11, 0.05, 1.38, 0.05, 0.16, 0.32, and 0.35 mg L 1 , respectively, while the concentrations in the TWTF SF o = Oral cancer slope factor; SF d = dermal cancer slope factor; ABS GI = gastrointestinal tract absorption fraction (i.e., water treatment facility's water) range from 0.08-0.10, 0.14-0.16, 0.04-0.22, 0.01-0.32, 0.09-5.01, 0.07-0.21, 0.14-0.17, 0.07-0.36, and 0.21-0.43 mg L 1 , respectively, with mean values of 0.08, 0.15, 0.13, 0.06, 0.73, 0.14, 0.15, 0.12, and 0.30 mg L 1 , respectively. Cd, Co, Cr, Fe, and Pb levels in the WSRA significantly exceed the NIS and the USEPA maximum contaminants limit (MCL), while the concentrations of the essential metals; Cu, Mn, Ni, and Zn are less than the limits. The concentrations of Cd, Co, Cr, Fe, Mn, and Pb in the TWTF also exceed the maximum regulatory limits, but Cu, Ni, and Zn are less than the limits. Several studies have reported high levels of Cd, Cr, Co, Fe, and Pb in drinking water sources in the Ibadan metropolis (Adekunle et al. 2004; Ajayi et al. 2008; Olusegun 2010) . The concentrations of Cd, Cr, and Pb in the water supplies are of great concern, since it has been shown that apart from the direct health effects exerted by these metals on human systems (WHO 2003a (WHO ,b, 2004 Å kesson et al. 2005; NTP 2007 NTP , 2008 UNEP 2008; Snow 2010) , they also interact in vivo with selenium, a nutritionally essential trace element whose anti-carcinogenic properties have been demonstrated in numerous animal tumor model systems (Schrauzer 2006 (Schrauzer , 2008a (Schrauzer ,b, 2009 Alatise and Schrauzer 2010) . The interactions are part of natural metal detoxification processes, but result in the metabolic inactivation of Se and at sufficiently high exposure levels may over time produce a state akin to Se deficiency (Alatise and Schrauzer 2010). In addition, Cr, which is absorbed in its hexavalent state, is converted to the trivalent form in cells and forms tightly bound adducts with DNA and proteins, thus initiating the formation of cancer (Williams et al. 2000) . Mn occurs in manganese superoxide dismutase (MnSOD), which exists in several genotypes of which some are believed to cause oxidative damage to DNA and increase breast cancer risk (Alatise and Schrauzer 2010). The concentrations of the metals in the RWD (i.e., raw water supplied to the treatment facility) range from 0. 06-0.08, 0.17-0.20, 0.13-0.37, 0.02-0.05, 2.32-5.62, 0.11-0.15, 0.16-0.19, 0.03-0.15, and 0.27-0 .41 mg L −1 , respectively, with mean values of 0.07, 0.18, 0.18, 0.03, 3.32, 0.13, 0.17, 0.05, and 0.31 mg L 1 , respectively. The levels of Cd, Co, Cr, Fe, and Pb in the RWD exceed the maximum regulatory limits. Moreover, higher concentrations of these metals have been reported at a dam used for irrigation of farmlands in the northern part of Nigeria (Bala et al. 2008) .
Analysis of variance (ANOVA at 95% confidence level) revealed that the concentrations of the metals vary considerably along the supply route except for Cr (RWD → TWTF → WSRA), as F Calculated > F Critical (Table 2) . Cr concentrations are relatively the same throughout the supply route, indicating that the treatment process did not significantly affect the levels of the metal. This suggests the prevalence of soluble Cr (Cr 6+ ) in the RWD. In contrast, the levels of Co, Fe, and Ni are significantly lower in the treated waters (WSRA and TWTF) than at the dam (RWD), indicating that substantial amounts of these metals were removed during the purification process. However, metals' re-contamination of treated water in pipes and tanks during storage and distribution to customers may account for the higher concentrations of Cd, Fe, Pb, and Zn detected at the WSRA relative to the TWTF. Furthermore, Cd, Cu, Mn, Pb, and Zn levels in the WSRA and TWTF are significantly higher than the levels in the RWD. Infrequent washing of the treatment compartments (such as the filtration beds, sedimentation and storage tanks, etc.), may cause accumulation of metals in these compartments from previous batches, thus leading to re-contamination of the water during the purification process, accounting for the increased levels of metals detected in the WSRA and TWTF water supplies relative to RWD. It was envisaged that inadequate maintenance of the water treatment infrastructure may hinder the operational sustainability of the water treatment facility (ADB 2004). Also, chemical reactions such as corrosion of metal pipes in the distribution system could cause the release of metals into the water. For example, release of Pb can occur from solder used to join copper pipes together, or from brass fixtures. Cu and Fe can leach from Cu and Fe pipes, respectively. Cd used as an anti-corrosive may also leach from pipes into water during supply, thus increasing the concentration of the metal in the WSRA (USNRC 2000; Maas et al. 2002; WHO 2003a,b) .
The results in Table 6 show that the adults and children are exposed to considerable amounts of Cd, Co, Cr, and Pb in the WSRA. Adults' exposure (mg kg −1 d −1 ) to Cd, Co, Cr, and Pb via oral and dermal routes are, respectively, 2.5E-03 and 5.6E-06, 4.3E-03 and 3.9E-06, 2.9E-03 and 1.3E-05, and 8.7E-03 and 2.0E-06, while children's exposure are 5.8E-03 and 9.6E-06, 1.0E-02 and 6.7E-06, 6.8E-03 and 2.2E-05, and 2.0E-02 and 3.3E-06 mg kg −1 d −1, respectively. Adults' and children's exposures to the metals are in the decreasing order of magnitude, Pb > Co > Cr > Cd. This indicates that the consumers are exposed to a larger amount of Pb than the other metals. Lead is an element of major concern due to its many industrial and domestic uses; the presence of tetraethyl Pb in gasoline and the largely uncontrolled dumping of Pb-containing residues, have severely contaminated soil and water supplies in many parts of Nigeria (Nduka and Orisakwe 2007; Ololade et al. 2009; Alatise and Schrauzer 2010; Adewuyi et al. 2011) . Consequently, a large segment of the Nigerian population is chronically exposed to Pb (Alatise and Schrauzer 2010). In one study, 70% of children aged 6 to 35 months, had blood Pb levels in excess of 10 μg dL −1 (Pfitzner et al. 2001; Alatise and Schrauzer 2010) , while occupationally Pb-exposed auto-mechanics exhibited mean blood and hair Pb levels of 49 ± 9 μg dL −1 and 18 ± 5 μg g −1 , respectively (Babalola et al. 2005; Alatise and Schrauzer 2010) . The result also reveals that children are exposed to higher doses of Cd, Co, Cr, and Pb, than the adults, hence are likely to be at greater health risks. This observation has been previously reported (Zeng et al. 2009 ).
According to the USEPA (2010), a pollutant is regarded as acceptable when the non-cancer hazard quotient (HQ) value and the cancer risk value is less than or equal to 1 and 1E-06, respectively. Conversely, an exposed population of concern may experience health risks if the dose is greater than these values (Zeng et al. 2009 ). From the results in Table 7 , it can be seen that the estimated HQ for Cd, Co, and Cr varied between adults and children. The HQ of Cd, Co, and Cr for the oral and dermal exposure routes are 5 and 0.2, 15 and 0.02, and 1 and 0.2, respectively, for adults, while children have corresponding HQ values of 11 and 0.3, 34 and 0.03, and 2 and 0.3, respectively. The dermal route does not pose significant health risk to either adults or children, as the HQs are less than 1. However, there is significant health risk via the oral route. The HQ of Cd for adults is 5 times the acceptable HQ, while that for children is 11 times. Also, Co, which seems to pose the greatest risk, is 15 times and 34 times the acceptable HQ for adults and children, respectively. Cr on the other hand is just at the upper limit of the acceptable HQ for adults and twice the acceptable HQ for children.
Overall, the non-carcinogenic risk values indicate that the adverse effects of the metals on children's organs and systems is double that of adults. This trend has been observed before (Obiri et al. 2010) . Hence, our results confirm the assertion that children are by far more vulnerable to the adverse effects of chemicals than adults, due to their sensitive nervous system, low bile excretion, and high gastrointestinal absorption (Ljung and Vahter 2007; Zeng et al. 2009 ), low bodyweight, and developing detoxifying organs (Obiri et al. 2010) .
The non-carcinogenic risk of Pb was not estimated, since there is no reported oral reference dose for Pb. However, the risk of Pb was assessed based on comparison of the intake values with the provisional tolerable daily intake (PTDI) of 3.5E-03 mg kg −1 day −1 reported by the Joint FAO/WHO Expert Committee on Food Additives (Sun et al. 2010 ). Hence Pb intake by an adult is more than twice the PTDI, while for children is about six times the value. Therefore the residents are at high risk of Pb poisoning, especially the children. Bearing in mind that this risk is an incremental estimate and exposures to Pb from other sources have not been added, the result is fearful, especially when there is a previous report that more than 300 children under the age of 5 years have died as a result of Pb poisoning in the northern part of Nigeria (Punch Newspaper 2010). Furthermore, a study has shown that breast cancer among Nigerian women is directly linked to Pb exposure (Alatise and Schrauzer 2010).
Of all the metals studied, only Cr has toxicity values for estimating cancer risk (USEPA 2010b). The incremental cancer risks caused by Cr ingestion via the oral and dermal routes are 6.2E-04 and 1.1E-04, respectively, for adults and 2.9E-04 and 3.8E-05, respectively, for children, summing up to a total risk value of 7.3E-04 and 3.3E-04 for the adult and children via both routes. These indicate that 7 adults and 3 children in every 10,000 are at risk of cancer due to chronic intake of Cr in the water supplies. This is similar to the report of Nguyen et al. (2009) , who proposed cancer risk of 4 and 50 people in every 10,000 as a result of drinking treated and untreated groundwater, respectively, in Vietnam. In addition, the cancer risk result revealed that adults are at greater risk of developing cancer than children. This inference disagrees with that of Obiri et al. (2010) ; that children are at greater cancer risk than adults as a result of exposure to carcinogenic metals in borehole water. However, considering that the cancer risk is averaged over more than 70 years with exposure duration of 30 years for adults and 6 years for children, the probability of a child getting cancer because of exposure in 6 years should be less than that of an adult getting cancer over 30 years. More so, cancer cases in children are rare (WHO/ICO 2010; Etchie et al. 2012) .
It is imperative to state that several factors tend to reduce or increase the risk of oncological and non-oncological diseases. Some of these factors are the feeding habits, genetic make-up, and immunological, nutritional, and hormonal status of the exposed persons (Obiri et al. 2010) . Hence it is difficult to make strong arguments from risk estimations.
CONCLUSION
The results from our analysis show that the concentrations of the non-essential metals (Cd, Co, Cr, and Pb) in the examined water supplies are very high and may pose significant health risk to the residents. Health risk assessment revealed that there are potential cancer and non-cancer health risks for consumers; adults and children alike, as long as they continue to utilize the water for their domestic purposes. In order to obviate this menace, however, general maintenance such as frequent washing, and cleaning of water treatment compartments at reasonable intervals, and assessment of levels of trace metals in each batch of treated water before distribution and at supply terminals will help improve the quality of the water. Also, there is need for source water protection. The water utility should consider shifting to other water sources, drawing less water from these contaminated sources. Furthermore, technologies which can effectively remove toxic metals like Cd 2+ , Co 2+ , Cr 6+ , and Pb 2+ should be introduced, instead of the conventional water treatment process. Technologies suggested to being effective in removing Cr 6+ , and other toxic metals from waters meant for municipal consumption include: membrane filtration by nanofiltration and reverse osmosis anion exchange reduction followed by coagulation and precipitation, and adsorption (EWG 2011). Cleaning up metals pollution has its costs, but ignoring it is not an option (EWG 2011).
